The role of polymorphonuclear leukocytes (PMNLs) in postischemic delayed hypoperfusion in the rat brain was investigated. Cerebral ischemia was accom plished by reversible bilateral occlusion of the common carotid arteries for 15 min combined with bleeding to an MABP of 50 mm Hg. The animals of one group were depleted of their circulating PMNLs by intraperitoneal injections of an antineutrophil serum (ANS) prior to the experiment. All animals included in this group had fewer than 0.2 x 109 circulating PMNLs/L at the start of the experiments. In another group ANS was injected intra venously for 5 min starting 2 min after the ischemic insult. After 4 min of recirculation, the number of circulating PMNLs in this group was below 10% of the normal. Con trol animals were injected with the same amount of nor mal sheep serum or were not treated at all. Sixty minutes Under experimental conditions, reversible in complete cerebral ischemia is followed first by a brief period of hyperperfusion and subsequently by a substantial decrease in CBF. This progressive generalized decline in CBF in the postischemic pe riod has been observed in several studies (Hoss mann et aI., 1973; Snyder et aI., 1975; Ginsberg et aI., 1978) and has been termed postischemic de layed hypoperfusion (DHP). It has been claimed that restriction of this perfusional derangement would improve the final neurological outcome, and it is thus believed to represent a late threat to the survival of neurons after cerebral ischemia that
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MATERIAL AND METHODS

Animal preparation and anesthesia
Male Wi star rats (300-400 g; Mollegaard, Copenhagen, Denmark), which were fasted overnight but had free ac cess to tap water, were anesthetized with 3% halothane in a 70/30% N20/02 mixture. After orotracheal intubation the animals were connected to a small-animal ventilator (Braun; Melsungen AG) and ventilated at a frequency of -65 min � 1 with a tidal volume of -3 ml. They were paralyzed with suxamenthonium (3 mg/kg body weight i.v.). The halothane concentration was then reduced to 0.5% and catheters were inserted into a tail artery (for continuous blood pressure recording and blood sam pling), a tail vein (for infusions), the right atrium via the external jugular vein (for exsanguination and isotope in fusion), and the right brachial artery (for blood sampling during isotope infusion). The two common carotid arter ies were then dissected free and prepared for clamping. EEG was recorded via two gold needles placed under the galea. The body temperature was kept at 3TC by a small animal heating pad controlled by a rectal thermistor. Af ter termination of the surgical procedure, the halothane supply was discontinued, but the animals were still anes thetized with the 70/30 N20/02 mixture. The animals were heparinized (300 IU/kg body weight) and the tidal volume was changed to obtain normocapnia. Animals that after ventilator correction had the following values at the end of a 30-min steady-state period were included: pH 7.35-7.40, Pe02 35.0-40.0 mm Hg, and P02 82.0-135.0 mm Hg. Those with an initial blood glucose level outside the range of 3-8 mmoUL were excluded. Blood gases, blood glucose, and the hematocrit were subsequently measured before the induction of ischemia, at the end of the ischemic period, and 60 min after the start of recircu lation.
Induction of ischemia
Reversible incomplete forebrain ischemia was pro duced by bilateral clamping of the common carotid artery combined with bleeding to an MABP of 50 mm Hg (Nordstrom and Siesjo, 1978) . To avoid the hypertensive response to carotid artery occlusion and to facilitate the bleeding, trimethaphan camphorsulfonate (Arfonad; Hoffmann-La Roche, Basel, Switzerland) was given on induction of hypotension [11-15 mg/kg body weight; for details see Grj3gaard et aI. (1986) ]. The disappearance of EEG activity indicated the start of the ischemic period.
The carotid arteries were kept occluded for 15 min. Dur ing this period of ischemia, MABP was maintained at 50 mm Hg by manually infusing or withdrawing blood. At the end of the ischemic period, shed blood was retrans fused until an MABP of 80 mm Hg was reached, where after the clamps were released and the rest of the blood was rapidly infused. Forty-five minutes after the start of recirculation, the ventilation was adjusted to give previ ously set values of pH, Pe02, and P02 (see Animal prep aration and anesthesia).
Preparation of antineutrophil serum
Antineutrophil serum (ANS) was prepared as described by Sandler et al. (1987) , but the immunization took place in sheep. Rat PMNLs (50 x 106, 0.5 mO were mixed with an equal volume of Freund's complete adjuvant and in jected intramuscularly every second week into sheep. Blood was collected and the antiserum was then pro cessed as described previously (Sandler et al., 1987) . Normal sheep serum (NSS) for control experiments was collected prior to immunization and treated in the same way as the ANS.
Measurement of local CBF
For measuring local CBF (LCBF) a method described by Sakurada et al. (1978) was used [for details see Abdul Rahman et al. (1979) ]. Briefly, 40 J.LCi [14C]iodoanti pyrine in 1 ml of saline was infused intravenously at a constant rate for 45 (sham-operated animals and animals with 60 min of recirculation) or 60 s (animals without recirculation). Blood samples were obtained before and at short intervals during the infusion. The sampling times were recorded and together with the isotope concentra tion in each blood sample were used to describe the tem poral profile of arterial radioactivity. At the end of the infusion the animal was decapitated and the brain was removed from the skull within 1 min and immediately frozen to -50°C in isopentane.
Autoradiographs were obtained from 20-J.Lm-thick cry ostat sections together with standards of known activity (Amersham International Ltd., Amersham, U.K.) using Kodak SB-5 x-ray film. CBF was calculated by a com puter program using a brainlblood partition factor of 0.8. Tissue 14C activities were obtained from densitometric readings (Macbeth Transmission Densitometer TD 902, I-mm aperture) and blood 14C activities by liquid scintil lation counting (Beckman LS 2800, Fullerton, CA, U.S.A.). For each area of the brain, bilateral readings were made on six consecutive sections in which the struc ture could be anatomically defined.
Experimental groups
Group 1: no ischemia-sham-operated animals (n 10). The sham group included animals submitted to the operative procedure but not to the ischemic insult.
Group 2: 15 min of ischemia-no recirculation (n = 13). In this group seven animals were untreated (group 2a) and six animals were pretreated with ANS (group 2b).
Group 3: 15 min of ischemia-60 min of recirculation (n = 29). This group included four animals pretreated with NSS (group 3a) and six animals treated with NSS after the period of ischemia (group 3b) according to the protocols described below for ANS. Nineteen animals were not given any NSS treatment (group 3c).
Group 4: 15 min of ischemia-60 min of recirculation treatment with ANS before ischemia (n = 6). Three mil-liliters of ANS (or NSS; see group 3a above) per kilogram body weight was injected intraperitoneally 24 and 12 h prior to the experiments. Before the first injection of se rum and also at the start of the experiment, blood samples were taken from the orbital plexus for leukocyte and platelet counts. Group 4 animals in which peripheral PMNLs exceeded 0.2 x 1Q9/L at the start of the experi ment were excluded.
Group 5: 15 min of ischemia-60 min of recirculation treatment with ANS after ischemia (n = 6). Two minutes after the start of recirculation, 0.5 ml of ANS (or NSS; see group 3b) was infused into a tail vein at a rate of 0.1 mllmin for 5 min and then at 0.01 mllmin until the animal was killed. Peripheral cell counts in this group were per formed 15, 30, and 60 min after the end of the ischemic period.
Statistics
For statistical evaluation of CBF data, the Kruskal Wallis test (Theodorsson-Norheim, 1986 ) was used. The results are expressed as means ± SD. Changes are con sidered significant when p < 0.05.
RESULTS
Physiological variables
There were no differences in blood glucose con centration or acid-base status between the groups during the experimental period. Nor were there any differences in arterial blood pressure before isch emia or 60 min after the start of recirculation.
Peripheral blood cell counts (Table 1) Pretreatment with ANS (intraperitoneally) (group 4) resulted in depletion of circulating PMNLs to <5% of the baseline value but also a reduction of the number of mononuclear cells to �50%. In the group pretreated with NSS, there was a slight in crease in the number of PMNLs. In pilot studies it was observed that the PMNL count decreased rap idly during a 5-min intravenous infusion of ANS and that 2 min after the start of the infusion <5% of the peripheral PMNLs remained. After termination of the ANS infusion, the PMNLs tended to increase. This could be counteracted by the addition of a con tinuous infusion at a very low dose rate (0.0 1 mIl min). This approach was therefore chosen in ani mals given ANS after ischemia (group 5). Fifteen minutes after the end of the ischemic period, the peripheral PMNL counts in animals given ANS af ter ischemia were reduced to � 13% of normal and remained at the low level until the end of the exper iments. In the animals treated with NSS after the ischemia (group 3b) and in those not given ANS or NSS (group 3c; Table 1 ), there was a progressive increase in the number of PMNLs presumably as a result of the surgical trauma or as a consequence of the cerebral insult as such. In contrast to this, there was a slow reduction of the number of mononuclear cells after ischemia to �50% at 60 min of recircula tion. This was similar in animals given ANS, NSS, or no antiserum at all. In pilot studies no change was observed in the number of platelets after intra peritoneal injections of ANS. Further, in group 5, given ANS intravenously, there was no significant drop in platelets.
LCBF
At the end of the 15-min period of cerebral isch emia, the blood flows in rostral cortical structures and the caudoputamen were reduced to < 1 % of those in sham-operated animals, while the flows in the visual cortex, hippocampus, and thalamus were reduced to a slightly lesser extent (Fig. 1) . The hy pothalamus exhibited a variable flow reduction, on the average to �20% of the flow in the sham operated group. ANS-pretreated animals (group 2b) did not differ from those not given ANS in these respects (group 2a). After 60 min of recirculation, reproducible DHP was observed, as reflected in the blood flow values, which ranged from � 40--6 0% of those in the sham-operated rats (Fig. 2) . Since the untreated (group 3c) and the NSS-treated (groups 3a and b) animals showed similar decreases in LCBF, these groups were pooled to form one single group for certain statistical analyses (group 3a +b+c).
In the ANS-pretreated animals (group 4), LCBF was distinctly improved in some brain structures after 60 min of recirculation as compared both with NSS-pretreated animals (group 3a) and with all an imals not given ANS (group 3a + b + c; Fig. 2) . The improvement was noted in the frontal, sensorimo tor, and parietal cortex as well as caudoputamen and thalamus, but not in the visual cortex, hippo campus, or hypothalamus (Fig. 2) . Animals depleted of their circulating PMNLs af ter recirculation (group 5) did not show any im provement in LCBF compared with untreated ani mals (group 3a + b + c), either in cortical or in sub cortical structures (Fig. 2) .
DISCUSSION
This study shows that there was a significant im provement in postischemic LCBF in rostral areas as well as in caudoputamen and thalamus in animals depleted of their peripheral PMNLs before induc tion of a reversible cerebral ischemia, but not in animals depleted of their circulating PMNLs imme diately after recirculation had occurred.
The PMNLs are very large viscoelastic cells that adhere normally to the endothelium. On their pas sage through the capillaries, they have to be de formed, and recent evidence indicates that they may impose a significant hemodynamic resistance (Schmid-Schonbein, 1987a) . Under normal flow conditions the time to obtain a necessary deforma tion of a PMNL at the entry to capillaries is 1,000 times longer than for a red cell, which means that every time a PMNL enters a capillary there is a temporary and reversible obstruction. After entry PMNLs move with lower velocity than red cells, which causes cell train formation inside the capil lary (Gaethtgens et aI., 1985; Schmid-SchOnbein, 1987b) . During low perfusion pressure the low de formability of the PMNLs results in a more marked functional obstruction of the capillaries. The no reflow phenomenon seen after ischemia seems to correspond to the existence of deformed PMNLs acting as plugs in the microcirculation (Engler et al., 1983; Schmid-Schonbein, 1987a,b) . In the present study depletion of circulating PMNLs before the induction of cerebral ischemia, but not at the end of ischemia, was followed by an improved LCBF 60 min after recirculation. This would suggest that ob struction of capillaries by PMNLs during ischemia is an important mechanism in both no reflow and DHP.
Immediately after release of the carotid clamps, the recirculation occurs with a wide variability in LCBF during the first minute (Smith et aI. , 1984) . In some areas, above all anterior neocortex, there is a very low LCBF, while in others, e. g. , thalamus and hippocampus, the recirculation occurs promptly. This could likely be due to a difference between vessels in the ease with which circulation is reinsti tuted. In the present model the average cortical LCBF is <5% of the normal value. How this reduc tion is distributed between microvessels, and over time, is impossible to evaluate in the present model. It is reasonable to suppose that there is no flow in some capillaries, while the circulation in others is more well preserved. This pattern might also differ over time; i.e., a capillary that is nonperfused over a number of minutes might later during the ischemic period receive a slow perfusion, while others might initially be well perfused during the ischemia and later, e. g., during deformation of PMNLs, be non perfused. This means that temporary lodging of de formed PMNLs might occur in most capillaries dur ing part of the ischemia.
Activation of PMNLs occurs during ischemia in other organs. Activated PMNLs are less deform able than normal and release substances that are J Cereb Blood Flow Metab. Vol. 9, No.4, 1989 noxious to the endothelium (e.g., Harlan, 1985) . It is therefore pos�ible that the PMNLs, temporarily lodged in the capillaries during ischemia, initiate en dothelial damage that is not manifested until an hour or more after recirculation, and then as an endothelial swelling. Such endothelial swelling has actually been observed during DHP in the present model (Paljarvi et aI. , 1983) and in other models (Chiang et aI. , 1968; Fischer et aI., 1977) . This hy pothesis does not require that there be an accumu lation of PMNLs in the organ, although that is ob served after cerebral ischemia (Hallenbeck, 1986; Kochanek, 1987) .
In other organs there is an abundance of observa tions suggesting that PMNLs contribute to postisch emic perfusion derangements. Such is the case in skeletal muscle (Bagge et aI. , 1980; Korthuis et aI., 1988) , in the heart (Engler et aI. , 1983; Romson et aI., 1983) , and also in shock (Barroso-Aranda et aI. , 1988). If it is assumed that the microcirculatory events occurring at low flow states are at large sim ilar between different organs, the observations made in the present study suggest that the previ ously reported contribution of PMNLs to post ischemic flow derangements is a generalized mech anism of microvascular damage.
The reason why the LCBF is improved in only some structures and not in others in animals given ANS is not understood. This might indicate either that other mech4nisms than PMNL plugging of the microcirculation result in a derangement of the mi crocirculation or that the vascular architecture dif fers.
The importance of DHP for the ultimate neuronal damage following cerebral ischemia is not known. During DHP there is an increase both in oxygen extraction (Snyder et aI., 1975) and in metabolism (Levy and Duffy, 1977) , which suggests that there is a mismatch between flow and the metabolic de mand in this situation and indicates that DHP as such could be of importance for the final damage. In a situation with high metabolic need and a low blood supply, it is reasonable that the degree of perfusion will be a limiting factor. In the present context, however, the beneficial effect of pre treatment with ANS on the LCBF has to be accom panied by increased neuronal survival in order to be of functional interest.
